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Highlights 
 Roots do not undergo a developmentally regulated senescence followed by organ death 
 Fruits monopolize photoassimilates, limiting root growth 
 Partially pruning roots increase root respiration and root growth 




This work focuses on the alterations in soybean root growth and activity during whole plant 
senescence and the contribution of roots to source-sink relations during plant development. The 
experiments were designed to analyze the activity of roots in relation to: a) whole plant 
senescence, b) total pod removal and c) root pruning (15, 25 and 50% of DW) during seed 
growth stages. Roots can grow until an advanced R5 stage and their specific activity decreases 
along the reproductive development but whole root activity declines from R6. However root 
respiration is maintained at a basal level until R8. Depodded plants showed a large increase of 
root dry matter (about 470%) and a large increase of AOX protein. Root pruning treatments 
showed a proportional increase of specific root respiration in 25 and 50% treatments but no 
differences of whole root respiration and dry matter partitioning at R7. These results indicate 











seed growth but, after this, roots may survive independently for some time. This suggests that 
roots do not suffer a senescence-like process as leaves do. Also, plants have a high capacity to 
buffer changes in root biomass production and specific root activity under pod removal or partial 
root pruning. 
 




 The term senescence refers to the functional and structural deterioration observed in plants 
during the final stages of their ontogeny [1]. It is difficult to integrate the vast literature about 
senescence due to a generally specific focus on cellular and molecular processes that occur in 
photosynthetic organs [2]. Senescence has been exhaustively studied in leaves and fruits, but 
scarcely in other organs such as roots. Even though recent studies show how fine roots senesce 
in perennial plants [3,4], the link between changes in the root system and monocarpic senescence 
in annuals plants is still little explored. Monocarpic refers to a life cycle with one reproductive 
episode followed by death [5] and monocarpic senescence involves different physiological 
processes occurring after flowering, including the remobilization of mineral and organic 
compounds from senescing leaves to growing fruits and seeds [1]. Soybean is a typical annual 
plant undergoing monocarpic senescence at the end of reproductive development [1]. 
 It is not clear how the decline of root activity takes place during reproduction and the final 
stages of plant development. Some information indicates that both the production of new root 
apices and the growth of roots decline early in the reproductive phase or even before flowers 
appear [5]. Noodén [1] proposed that mineral absorption and transport of root-produced 
hormones decline during reproductive development. Arabidopsis thaliana plants show a 
decrease of nitrate uptake in the reproductive phase [6] and Helianthus annuus shows a 
progressive decrease of respiration and of the percentage of live roots during the grain filling 
period [7,8]. However, Phaseolus vulgaris does not show a correlation between root mortality 
and reproductive development [9] and respiration of A. thaliana roots increases during 
reproductive development, declining only when most of above ground tissues are dead [10]. 












 Depending on the species, up to 50% of photoassimilates are consumed by roots  [13]. 
The fraction of photoassimilates  used in root respiration increases with plant age and this is 
partly due to the maintenance energy requirements when root growth slows down [13]. 
 Among the macronutrients required by plants, N is consumed in the greatest abundance 
and often limits growth [14]. In most species, nitrate (NO3-) is the most abundant source of  N 
[14]. The absorption and assimilation of NO3- involves an important energy cost in terms of ATP 
produced by root respiration (e.g., in barley approximately 23% of total root carbon catabolism 
is related to nitrate assimilation) [13,15]. Cells need a proton motive force to drive active NO3- 
uptake [14]. In roots, NO3- assimilation depends on carbon supply for the roots, and reducing 
power and ATP are derived from mitochondrial respiration, the pentose phosphate pathway and 
malate oxidation[16].  
 Some evidences indicate that, in general, roots tend not to reallocate their nitrogen to 
seeds [17–19]. However, it has been reported that during senescence about 20-30% of total root 
nitrogen is remobilized and, depending on the species, around  0.4-16% is remobilized to 
growing seeds [17].  
 The magnitude and timing of the decline of root activity during the reproductive period 
and the final phases of the development of annual species is unclear. Often, the decline in root 
activities is attributed to a decline in translocation of photoassimilates from photosynthetic 
organs [10,20],  possibly due to competition by fruits. To test this idea, the responses of roots to 
the absence of a strong sink (i.e., when pods are removed from the plant) or in plants where root 
biomass is reduced (roots pruned) during the critical period of seed filling were compared. The 
general aim of this work was to characterize alterations in root growth and activity during the 
reproductive period of soybean plants, and to evaluate the effect of source-sink changes on the 
root system when plants are depodded or their roots are partially pruned. 
 
2. Materials and methods 
 
2.1 Plant material and growth conditions  
 
The experiments were carried out with non-nodulated soybean (Glycine max [L.] 
Merr.cv. ´Williams 82´) plants. The experiments were conducted in La Plata (34°54´46´´ S; 
57°55´50´´ W, Argentina). Seeds were sown in vermiculite during the second week of January 
and were grown until the first trifoliate leaf was expanded. Thereafter, plants were grown in a 











solution consisted of 1.7mM Ca(NO3)2, 1.7m M KNO3, 2.0 mM MgSO4, 1.0 mM KH2PO4, 3.3 
mM CaCl2, 3.3 mM KCl, 20.0 µM FeNaEDTA, 5.0 µM H3BO3, 0.9 µM MnCl2, 0.8 µM ZnCl2, 
0.3 µM CuSO4 and 0.01 µM Na2MoO4, pH 5.5–6.5. This solution was replaced every 10-14 days 
and the volume of water consumed by plants was quantified and replenished every 3-5 days. 
Each plant was grown in a 5L pot in a climate-controlled greenhouse at an average temperature 
of 22±5 ºC and an irradiance ranging at midday between 500 and 900 µmol photons m-2 s-1 
during January-June. Phenological stages were determined as described by Fehr and Caviness 
[22]. 
 
2.2 Phenological series, pod removal and root pruning treatments  
 
For a phenological series, plants were analyzed at reproductive stages: R3 (7 days after 
flowering, DAF), R4 (17 DAF), R5 (23 DAF), R5ad (R5 advanced, 38 DAF), R6 (56 DAF), R7 
(72 DAF) and R8 (99 DAF). Depodding and root pruning consisted of: a) complete removal of 
pods at R5 (23 DAF) with newly formed pods regularly removed thereafter and b) pruning of the 
root system (root-pruned plants) at three levels: removal of 15%, 25% or 50% of root dry weight 
of intact plants at R5ad (34DAF). Depodded and root-pruned plants were harvested on the date 
intact plants reached the R7 stage (73 DAF). Root pruning treatments were made by 
longitudinally cutting off the root system. 
 
2.3 Measurement of root respiration  
 
Respiration was measured by placing 1 g (fresh weight, FW) of roots taken from the 
distal part of the root system in an air-tight chamber equipped with a Clark type O2 electrode at 
25°C (Hansatech, UK) and between 10:00 and 16:00 h. Respiration of the distal part used for the 
measurements was representative of whole root system. This was checked by taking samples 
from different parts of the root system, which showed similar respiration rates (supplementary 
material Fig. S1). Prior to the measurements, roots were gently washed with deionized water and 
then blotted with paper towels to remove excess water. Total root system respiration was 
calculated by multiplying specific respiration by root biomass (fresh weight). Other total root 
system activities were calculated in the same way. 
 












Nitrate absorption was calculated as the difference in NO3- concentration between fresh 
nutrient solution and the solution after a 3-day uptake period (before sampling, the volume of the 
pot was restored to 5L to account for transpired water). An aliquot of each sample was diluted to 
5 mL with distilled water and mixed with 0.1 ml of 1N HCl. Nitrate was determined 
spectrophotometrically at 220 nm with a correction factor at 275 nm as described in APHA, 
AWWA and WPCF (1985) [23].  
 
2.5 In vivo Nitrate Reductase activity (NR) 
 
NR activity was measured as described by Deane-Drummond and Clarkson(1979) [24] 
with modifications. The incubation medium contained 50 mM phosphate buffer, 1% propanol 
(v/v), and 100 mM potassium nitrate at pH 8.0. Root samples (500 mg FW of apical root parts) 
were sectioned in to 1cm segments and transferred to 50 ml tubes containing cold incubation 
medium (20 ml/500 mg root) and then they were vacuum-infiltrated for 4 min. Two samples per 
plant were taken, one was incubated for 30 min and the other one for 60 min at 27 °C in the 
dark. The reaction was finished by boiling for 10 min. After cooling, NO2- was measured in 0.5 
ml of incubation buffer by adding 0.5 ml sulfanilic acid (1% w/v in 3 N HCI) followed by 0.5 ml 
N-1-naphthylethylenediamine dihydrochloride (0.05% w/v). This mixture was vortexed for 30 s 
and then kept for at least 2 h in darkness. Mixtures were vortexed again for 30s and NO2- 
concentration was measured spectrophotometrically at 540 nm. NR activity was determined as 
NO2- production (i.e., the difference in NO2- concentration between 30 min and 60 min of 
incubation).  
 
2.6 SDS-PAGE and immunobloting 
 
Roots were harvested, frozen in liquid N2 and kept at −80°C until analysis. Extracts (200 
mg FW/mL buffer) were made in sample buffer consisting of 62.2 mM Tris-HCl pH 6.8, 3M 
urea, 5% v/v 2-β-mercaptoethanol, 0.005% (w/v) bromophenol blue, 4 mM cysteine, 1% w/v 
PVPP and protease inhibitors (0.004% w/v PMSF and 0.001% w/v Leupeptin). Homogenates 
were centrifuged at 1500g and 4°C for 15 min and the supernatants were collected for 
subsequent analysis. Soluble proteins were analyzed by SDS-PAGE according to Laemmli 
(1970)[25]. Samples were loaded (volume loaded onto each lane of the gels corresponded to 4 
mg of root FW) on a 1 mm thick, 12% (w/v) polyacrylamide gel and electrophoresed at 20 mA 











membrane at 200 mA for 1 h. Blots were blocked with 5% (w/v) non-fat dry milk dissolved in 
PBS (10 mM phosphate buffer, pH 7.4, and 137 mM NaCl) and probed with antibodies specific 
for mitochondrial proteins: cytochrome c oxidase (cox2; [26]) and alternative oxidase (AOX; 
[27]). After washing the membrane three times for 10 min each with PBS plus 0.05% (w/v) 
Tween 20 (PBS-T), blots were incubated with a secondary antibody (goat anti-rabbit or anti-
mouse IgG conjugated to horseradish peroxidase, for polyclonal or monoclonal antibodies, 
respectively) for 1 h and washed with PBS-T. Blots were developed by incubation in 10 mL of 
chemiluminescence detection mixture: 5 ml of coumaric acid-luminol solution (0.23 mM 
coumaric acid and 1.2 mM luminol dissolved in DMSO) and 5 ml of hydrogen peroxyde 
(0.015% v/v H2O2), both solutions in Tris-HCl buffer 0.1 M pH 8.5. SDS-PAGE and Westerns 
blots were analyzed with the ImageJ software (1.46r version), Analyze Gel function. For protein 
quantitation, the highest value in each image (Gel or Western blot) was used as a reference (and 
set as 100), and then all other bands in the same gel were referred to it. Each gel contained at 
least two replicates of all samples to compare.  
 
2.7 Dry biomass measurements 
 
Dry biomass was measured by taking samples from plants at R3 (7 DAF), R4 (17 DAF), 
R5 (23 DAF), R5ad (38 DAF), R6 (56 DAF), R7 (72 DAF) and R8 (99 DAF); depodded plants 
were harvested on the date intact plants reached R7. Plants were dissected into: (i) stems and 
petioles, (ii) leaf blades, (iii) roots, (iv) pods and (v) seeds. All fractions were dried in a forced 
air oven at 60°C until reaching a constant weight.  
 
2.8 Leaf senescence 
 
Leaf senescence was monitored through the changes in chlorophyll concentration 
(average of twelve measurements per leaf, i.e. four measurements per leaflet) of leaves 
corresponding to nodes 1, 3, 5, 7, 9, 11 and 13 estimated with a non-destructive chlorophyll 
meter (SPAD 502, Minolta). Values of abscised leaves were regarded as 0. Leaves of each plant 
were scanned and then leaf area was calculated with the ImageJ software (version 1.46r). 
 












Data were tested for normality by Omnibus Normality of Residuals (P ≥ 0.05) and homogeneity 
of variance using the Modified-Levene Equal-Variance Test (P ≥ 0.05). If the data were suitable 
for parametric testing (i.e., P ≥ 0.05 for the normality and homogeneity of variance tests) data 
were analyzed using the Student’s T-test and ANOVA with Tukey-Kramer Multiple-
Comparison test (P≤ 0.05). If the data were not suitable for parametric testing a Kruskal-Wallis 
One-Way ANOVA with Dunn's-Bonferroni´s post hoc test (P ≤ 0.05) was used. For regression 
analysis the residuals normal distribution was tested by Shapiro Wilk test (P ≥ 0.05) and 
Constant Residual Variance by Modified-Levene Test (P ≥ 0.05). If data were suitable for 




3.1 Leaf senescence 
 
Leaf area per plant (Fig. 1A) increased from 7 to 38 DAF, and then remained constant 
up to 56 DAF. Between 56 and 72 DAF plants showed an abrupt decline in leaf area due to the 
abscission of a large number of senescent leaves. In contrast, in depodded plants leaf area did not 
decline, at least, until 72 DAF. 
Leaf 1 started to senesce between 7 and 17 DAF, therefore SPAD values decreased to 
almost zero between 17 and 23 DAF. Chlorophyll levels remained around 30-35 SPAD units in 
leaves 5, 7, 9 and 11 until 38 DAF (Fig. 1B) and these leaves showed a decrease in SPAD values 
between 56 and 72 DAF. The decline to 0 of SPAD values in most leaves at 72 DAF was mainly 
due to leaf abscission (values of abscissed leaves were regarded as 0), and finally at 99 DAF 
abscission of leaves was complete. At 72 DAF, depodded plants showed SPAD values similar to 
those of leaves of intact plants at 56 DAF, but smaller than leaves at 23 DAF (when the 
depodding treatment was started).  
  
3.2 Dry matter partitioning  
 
Dry matter of all vegetative organs (i.e. leaves, stems and roots) increased until 38 DAF 
(Fig. 2A, B and C), while reproductive organs (i.e. pods and seeds) achieved their maximum 
biomass at 72 DAF (Fig. 2D and 2E). At 72 and 99 DAF the decline of dry matter of leaves was 
mainly due to leaf abscission, but at 56 DAF the decline (although not significant) was due to the 











area with respect to 38 DAF, Fig. 1B). By contrast, roots and stems maintained maximum dry 
matter content until 99 DAF (R8). Pod walls accumulated dry matter until 38 DAF and seeds until 
72 DAF, corresponding to the final stage of seed filling. Pod number did not change from 38 DAF 
(65-70 pods plant-1) and seed number was constant from 56 DAF until maturity (148-160 seeds 
plant-1).  
Depodded plants showed large increases of dry matter in all vegetative organs compared 
to intact plants. When dry matter of depodded plants at final harvest (72 DAF) is compared to 
biomass at 23 DAF (when treatment was started), the increments were 370%, 350% and 470% 
for leaves, stems and roots, respectively. 
 
3.3 Root activities: respiration, nitrate consumption and NR activity, and plant water 
consumption. 
 
Specific root respiration (i.e. µmol O2 consumed g-1 FW h-1) showed a gradual, but 
consistent decline from 7 to 99 DAF (Fig. 3A). This decline became statistically significant after 
56 DAF. The rate of decline from 7 to 72 DAF in root respiration was -0.30 µmolO2 g-1 FW h-
1DAF-1 (r2 = 0.78; P < 0.05). When respiration was expressed as total root system activity (i.e. 
specific respiration multiplied by root biomass) respiration increased from 7 DAF to a maximum 
at 38 DAF and then decreased from 38 to 99 DAF (Fig. 3D). At 72 DAF, specific and whole 
plant root respiration rates of depodded plants were higher than those of intact, non depodded 
plants (Fig. 3A and 3D). Compared with plants at 23 DAF, depodded plants showed a decrease 
of specific root respiration and an increase of whole plant root respiration. 
Nitrate consumption expressed on a root FW basis (i.e. mg NO3- g-1 FW day-1) steadily 
decreased during the 7 DAF to 72 DAF period (Fig. 3B), at a rate of -0.097 mg NO3- g-1 FW 
DAF-1 (r2 = 0.52; P< 0.05). Nitrate consumption of the whole root system showed relative 
constant values from 7 to 56 DAF, and abruptly dropped thereafter (Fig. 3E). At 72 DAF, 
depodded plants showed higher nitrate uptake when considering both specific and whole plant 
root rates compared with non depodded plants (Fig. 3B and 3E). Compared with plants at 23 
DAF, depodding caused an increase of whole plant root nitrate consumption. 
The specific activity of NR tended to decrease from 7 to 99 DAF (Fig. 3C). The NR 
activity of the whole root system (Fig. 3F) was relatively constant from 7 to 56 DAF and then it 
tended to decrease at 72 DAF and finally dropped significantly at 99 DAF. NR activity on a FW 
basis of depodded plants did not show significant differences compared with intact plants at 72 











the pattern of change of root NR activity of depodded plants was similar to root respiration and 
root nitrate consumption (Fig. 3C and 3F).  
Whole plant water consumption showed an increase from 7 DAF to 38 DAF and a drop 
from 38 to 99 DAF (Fig. 3G). In addition, water consumption was significantly lower from the 
beginning of treatment (23 DAF) up to 72 DAF in depodded plants; thereafter water 
consumption was higher in depodded than in intact plants due to leaf retention. 
 
3.4 Total and mitochondrial proteins in roots 
 
Total root protein content decreased during the reproductive period with a large decline 
from 17 DAF to 56 DAF (Fig 4A). The rate of total protein decrease was -0.5% d-1 (r2 = 0.75; P 
< 0.05) from 7 to 99 DAF, with around 44% of 7 DAF root protein levels still retained at 99 
DAF. The mitochondrial protein COX2 (Fig. 4B) showed a slight decline from 17 to 56 DAF 
(about 14%), but the rate of decrease increased thereafter and COX2 became non-detectable at 
99 DAF. AOX was only detectable at 7 DAF (Fig 4C). 
Depodded plants showed a small decrease (27%) of total protein between 17 and 72 
DAF (Fig. 4A). Levels of COX2 did not change much, but AOX showed a large increase in 
depodded plants (Fig. 4A and 4B). Root respiration in the presence of KCN and SHAM was 
similar in depodded and control plants (supplementary material Fig. S2). 
 
3.5 Root pruning treatments 
 
Root pruning treatments were started at 34 DAF (R5ad) and their effects on respiration 
were evaluated from 48 DAF (beginning of R6, corresponding to 14 DAP, days after pruning) to 
69 DAF (start of R7, corresponding to 35 DAP). Specific root respiration was increased by root 
pruning, with the increase being proportional to the extent of root pruning (Fig. 5A). Differences 
in specific root respiration were more pronounced at earlier stages after root pruning and only 
25% and 50% treatments showed significant differences with respect to non-pruned plants. In 
the same way, only the 25% and 50% of pruning treatments resulted in significant differences in 
initial root DW after pruning (Fig. 5F). 
There were no differences in dry matter partitioning between leaves, stem, roots, pods or 
seeds at the R7 stage (73 DAF, 39 DAP) (Fig. 5 B-F). At this late stage of seed growth, there 
were no differences in DW of pruned roots compared with those of control plants, indicating that 










R7, when plants were harvested. No difference was observed in the development of the plants 
(i.e., the days after planting to reach R5, R6 and R7 were similar). 
To determine the effect of root pruning on above ground tissues activity, the net 
photosynthesis rate of leaves were measured. Net photosynthetic rate was not significantly 
affected by the root pruning treatment for leaves 7, 8 or for the most recent fully expanded leaf 




4.1 Root changes associated to leaf senescence during reproductive development of soybean 
plants 
 
During the fruit growing period, root activity showed a decrease of specific activity (i.e. 
on a FW basis) in all variables measured (i.e. respiration, nitrate uptake and nitrate reductase 
activity). Similar results were found in Helianthus annuus, with plants showing a progressive 
decrease of root respiration during grain filling [7,8]. However, corrected for root biomass, 
whole root activity remained constant, or increased slightly from 7 to 38 DAF to decline later 
from 56 DAF to 72-99 DAF. Thus, whole root system activity depends on both the specific 
activity and the whole biomass until the end of seeds growth (56-72 DAF). It is remarkable that 
roots kept a basal respiration activity even at 99 DAF in spite of the abscission of all leaves. 
When most leaves had fallen down and seeds had achieved their final weight (i.e. 72-99 DAF) 
root contribution as a supplier of resources (e.g. nitrogen and water) dropped to almost zero, but 
roots still maintained a basal respiration rate and much of the biomass present at 38 DAF (R5). 
Similarly, after reproductive maturity in beans, a substantial portion of the roots survived [9]. 
Also,  Arabidopsis thaliana roots maintained their respiratory activity until late stages of plant 
development even when above ground tissues were completely withered [10] and clover roots 
detached from the rest of the plant maintained their respiratory activity for up to 30 days [20]. 
This remaining activity of the root system suggests that roots do not undergo a clear-cut 
senescence process as leaves do, rather they may deteriorate slowly once the supply of 
photoassimilates ceases due to foliage abscission. 
The dependence of soybean roots activity on above ground organs has been previously 
described in other works. In intact plants, production of new root apices and root growth may 
decline early during the reproductive phase or even before flowering [5]. However, our data 











of development. Supporting our results, other works show that nitrogen fertilization during R5 to 
R7 stages delays the decline in leaf chlorophyll and nitrogen concentration, while increases grain 
yield  [12] and seed nitrogen contents [11], which strongly suggests that roots remain quite 
active between R5 and R7. Furthermore, in plants where young scions are grafted near the base 
of old plants, nitrogen fixation recovered to its highest levels at flowering, suggesting that the 
decline of root activity (e.g. nitrogen fixation) is reversible and depends on the supply of 
assimilates from above ground organs [28]. These results indicate that roots have the capacity to 
maintain assimilatory activity until late stages of development if resources are available (e.g., 
nitrogen in the soil).  
 
4.2 The effect of depodding on root growth and activity 
 
The delay of whole plant senescence in depodded plants has been studied in several 
works [5,29-33]. In soybean, defruiting does not fully reinstate shoot elongation, although it may 
promote root growth and leaf and stem thickening [5]; however, no study has focused in detail 
on root development and activity of completely depodded plants. Our experiments show that pod 
removal greatly stimulated growth of soybean roots. Although other vegetative organs increased 
in biomass in response to fruit removal, roots showed the largest effect; root biomass increased 
about 470% from 23 DAF (R5, the  stage at which depodding was started) to harvest at 72 DAF 
compared with stems and leaves (370% and 350% respectively). This indicates that roots 
became a strong sink in the absence of fruits, and that root growth was probably inhibited to 
some extent by fruit activity. Root biomass accumulation in depodded plants caused a large 
increase of whole root respiration and nitrate uptake with respect to 23 DAF: 3- and 2-fold 
respectively. Contrary to the activity of roots, photosynthesis of leaves declines in depodded 
plants [5]. 
The increased level of AOX suggests that depodding stimulates the alternative pathway 
in roots. Numerous environmental conditions (e.g. anoxia, nutrient deficiency, drought) and 
physiological changes associated with plant development (e.g. flowering, fruit development) 
involve modifications of AOX levels (at the mRNA or protein level), redox state or respiratory 
activity in the presence of CN- [34, 35]. However, little is known about AOX in roots during 
fruit development and grain filling. The amount of AOX protein of soybean seedling roots 
increases with age but respiration in the presence of KCN declines with root age [36] and AOX 
protein of potato tubers is synthesized de novo during aging [37]. Also, in tobacco cell cultures 










maintenance of leaf area by depodding generates an excess of photoassimilates reaching root 
cells.  A fraction of this excess might be used for roots biomass generation and respiration, but if  
the supply of carbon skeletons exceeds  the capacity of the Cyt c pathway, then the  AOX 
pathway could take over as a dissipative valve of excess reduced carbon [39]. However, we 
could not detect a significant increase of root respiration in presence of KCN (Fig. S2), 
suggesting that the capacity for cyanide-insensitive respiration was not enhanced by depodding.            
 
4.3 Root development and source-sink relationship 
 
Our results indicate that roots grow and maintain respiration during reproductive 
development, and they can even become strong sinks in the absence of pods. This implies that 
roots and pods are competing for resources (e.g. photoassimilates). To further test this 
hypothesis, we designed experiments where roots were pruned. As partial defoliation or sunlight 
attenuation represent a source reduction [40, 41] and fruit removal a sink reduction [4,19], root 
pruning may decrease the overall root demand for carbohydrates.  
The results of root pruning experiments indicate that, under non-limiting conditions, an 
increase in the activity of remaining roots compensated for the removal of part of the root 
system.  Remarkably, root pruning did not affect the final weight reached by each organ (i.e. 
leaves, stems, pods, seeds, and even roots) at 72 DAF (R7). This suggests that root-pruned plants 
were able to fill pods at the same time they regenerated their root system in the critical period of 
grain filling, without any loss of yield. Bingham and Stevenson (1993) [42] showed that root 
pruning of 14-16 day old wheat seedlings increased their rate of O2 uptake and the development 
of lateral roots. Similarly, increases of root respiration and growth were observed after root 
pruning in barley seedlings [43,44]. In contrast, some plants reduce leaf and shoot growth much 
more than root growth after a root pruning treatment [45]. Thus, seedlings can compensate for a 
decrease of root biomass. On the other hand, it has been reported that grain yield increases when 
roots of wheat plants are pruned [46,47]. Also, at anthesis root-pruned wheat plants had a lower 
rate of root respiration [46], which contrasts with our results for soybean plants. 
 Most experiments involving root pruning show re-direction of assimilates towards the 
pruned root [45]. In carrots, assimilate export to roots increased by root pruning and this was at 
the expense of the developing leaves [48]. Similarly, pruning  increased the soluble sugar content 
in roots of barley seedlings [43,44]. Three week old Phaseolus vulgaris plants show a different 
behaviour since removal of 50% of the roots had no effect on photoassimilate export from source 











plant parts was drastically reduced [49]. On the other hand, we could not detect an increase of 
photosynthesis in plants with roots pruned suggesting that plants can support increased root 
respiration, root biomass production and maintain seed weight without large photosynthetic 
adjustments (supplementary material Fig. S3). 
 
 
4.4 Concluding remarks  
 
The data presented here show that, under non limiting conditions, root biomass of 
soybean plants may increase even during early reproductive development. Roots maintain a 
basal respiration rate until advanced stages of development (R8) suggesting that roots do not 
undergo a developmentally regulated senescence process followed by death of the organ, as 
leaves do. While results of depodding treatments suggest that fruits monopolize 
photoassimilates, therefore limiting root growth, partially pruning of roots causes an increase in 
specific root respiration and compensatory root growth, therefore root biomass at physiological 
maturity is the same in intact vs root pruned plants. Roots accumulate biomass in the root 
pruning treatments without any penalty on seed growth and without any evidence of 
photosynthetic compensation. These data show that C allocation to different plant parts is not 
simply a tug-of-war between competing organs, and that other (still non-identified) controls may 
operate to determine plant C allocation and confer plasticity to plant growth during the 
reproductive period.  
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Leaf area and senescence progression during reproductive development (7 to 99 days after 
flowering, DAF). A) Total green leaf area per plant (m2 plant-1). Different letters indicate 
significant differences (ANOVA P ≤ 0.05). * Indicates a significant difference (Student’s T-test 
P ≤ 0.05) between depodded plants at 72 DAF and intact plants at 23 DAF (start of the 
depodding treatment), as well as between non depodded (R7) plants and depodded plants at 72 
DAF. B) Chlorophyll content expressed as SPAD units. Arrows indicate the stage when SPAD 
values declined significantly compared to the preceding measurement (Student’s T-test P ≤ 
0.05). Vertical bars represent the standard error of the mean. 
 
Figure 2 
Biomass (dry weight) of leaves (A), stems (B), roots (C), pods (D) and seeds (E) during 
reproductive development of intact plants (7 to 99 days after flowering, DAF, indicated by 
diamonds and a continuous line) and the depodding treatment (indicated by square symbols and 
a dashed line). Different letters indicate significant differences (Kruskal-Wallis test P ≤ 0.05). * 
Indicates significant differences (Student’s T-test P ≤ 0.05) between 23 DAF (start of the 
depodding treatment) and 72 DAF in depodded plants, and between non depodded (R7) plants 
and depodded plants at 72 DAF. Vertical bars represent the standard error of the mean. 
 
Figure 3 
Root activities during reproductive development (7 days after flowering, DAF, to 99 DAF, 
indicated by diamonds and a continuous line) and depodded plants (indicated by square symbols 
and a dashed line). Specific root respiration (A), Specific root uptake of NO3- (B), Specific root 
NR activity (C), Whole plant root respiration (D), Whole plant NO3- uptake (E), Whole plant 
root NR activity (F) and Whole plant water consumption (G). Specific root activity (A-C) was 
expressed on the basis of FW and whole root activity (D-F) was calculated as specific activity 
multiplied by root FW at each stage. Different letters indicate significant differences (Kruskal-
Wallis test P ≤ 0.05). * Indicates significant differences (Student’s T-test P ≤ 0.05) between 23 
DAF (start of the depodding treatment) and 72 DAF in depodded plants, and between non 
depodded (R7) plants and depodded plants at 72 DAF. Vertical bars represent the standard error 













Changes in root proteins. A) Total root protein (relative units), B) COX2 (cytochrome oxidase, a 
mitochondrial protein), and C) AOX (alternative oxidase, also a mitochondrial protein). Changes 
in intact plants, from 7 to 99 days after flowering (DAF) are represented by diamonds and a 
continuous line, whereas depodding is represented by grey bars. Different letters indicate 
significant differences (ANOVA or Kruskal-Wallis test P ≤ 0.05)..  The data shown corresponds 
to the amount of protein relative to the highest value (set as 100) of each Coomassie stained gel 
or western blot. Values were calculated using the ImageJ program. Sample volume loaded into 
each lane of the gels corresponded to 4 mg (FW) of roots. Vertical bars represent the standard 
error of the mean. 
 
Figure 5 
Responses of roots to partial pruning. Specific root respiration (A) of control plants, and plants 
where15%, 25% and 50% of root DW was removed at 34 DAF (t0, advanced R5 stage). 
Measurements were made at 14, 21, 28 and 35 days after pruning (DAP). Biomass of leaves (B), 
stems (C), seeds (D) and pod walls (E) at 73 DAF (R7). F) Root biomass: white bars represent 
root weight at 73 DAF (R7), light gray bars represent dry weight of roots removed at 34 DAF 
(R5ad) when root pruning treatment started and dark gray bars represent remaining root biomass 
immediately after root pruning. Different letters indicate significant differences (ANOVA P ≤ 
0.05) between control, 15%, 25% and 50% of root pruning treatments on each day of 
measurement (A) or for each plant organ (B-F). NS indicates non significant differences between 
treatments. * (F) Indicates significant differences (Student’s T-test P ≤ 0.05) between root 
biomass of intact control plants, and pruned plants at 34 DAF (t0 R5ad), when the root pruning 
treatment was imposed. Initial root weight of pruned plants was calculated as the difference 
between root weight at 34 DAF (t0 R5ad) and weight of roots removed. Vertical bars represent 
the standard error of the mean. 
  
Jo
ur
na
l P
re
-p
ro
of
21 
 
Fig 1 
 
  
Jo
ur
na
l P
re
-p
ro
of
22 
 
Fig 2 
 
  
Jo
ur
na
l P
re
-p
ro
of
23 
 
Fig 3 
 
  
Jo
ur
na
l P
re
-p
ro
of
24 
 
Fig 4 
 
  
Jo
ur
na
l P
re
-p
ro
of
25 
 
Fig 5 
 
Jo
ur
na
l P
re
-p
ro
of
